In this paper, we investigated the transient electron population and the transient behaviour of the dispersion, absorption and refractive property of weak probe light in a four-level InGaN/GaN quantum dot nanostructure. In order to achieve the wave functions and their corresponding energy levels of the mentioned quantum dot nanostructure, the Schrödinger and Poisson equations is solved selfconsistently for carriers (here electron) in quantum dot. Our findings show that the properties of transient processes can be dramatically affected by parameters such as intensity, detuning and relative phase of applied fields. Our proposed scheme provides a realistic model for transient control of refraction index properties in a quantum dot nanostructure. These results may have potential applications in high speed optical switch for quantum information technologies.
Introduction
It is well known that optical properties of coherent medium can be considerably qualified by application of external fields. Quantum coherence and quantum interference are the basic mechanisms for qualifying the reaction of the atomic medium to the applied fields [1] . Many theoretical computations of different nonlinear optical phenomena in different atomic system have been studied by many research groups in two past decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . One of the most important aspects of these properties is the modification of the absorption, dispersion, and nonlinearity of the system. Due to interaction of optical fields with nonlinear media, many interesting phenomena such as electromagnetically induced transparency [2, 3] , lasing without inversion (LWI) [4] , high refractive index without absorption [5, 6] , four-wave mixing [7] , optical solitons [8] , optical bistability [9, 10] and so on [11, 12] have been investigated. Moreover, experimental evolution of above nonlinear optical phenomena has been reported and discussed. For example, light propagating in a Rb atoms has been analyzed experimentally by Bajcsy et al. [13] . Experimental observations of interference between three-photon and one-photon excitations, and phase control of light attenuation in a four-level atomic system have been reported [14] . Similar phenomena based on the quantum interference and coherence in semiconductor quantum wells (SQWs) and quantum dots (QDs) have also been extensively studied in recent years [15] [16] [17] [18] [19] [20] [21] [22] [23] . The theory of quantum coherence phenomena in SQDs was introduced by Chow et al. on the basis of earlier studies [24] [25] [26] .
It is well known that the devices based on intersubband transitions in the SQWs and QDs have many inherent advantages rather than atomic systems [27, 28] . Therefore, similar phenomena based on the quantum interference and coherence have also been extensively studied in recent years, such as lasing without inversion [29] , EIT [30] , optical bistability and multistability [17, 31] , the Kerr nonlinearity [20] , optical solitons [32, 33] , four-wave mixing [34] and others [19, 22, 35] in SQWs and QDs.
The effect of quantum coherence on transient behaviors of solid state medium are widely investigated recently in SQWs and QDs [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Furthermore, recent experimental studies have used transient absorption for the study of optical effects in intersubband transitions in SQWs [46, 47] .
To the best of our knowledge, the transient properties of four-level closed atomic media are rarely investigated in InGaN/GaN QD. In this paper, due to scientific principle in quantum optics and solid material, we investigate the transient electron population and the transient features of the dispersion, absorption and refractive property of InGaN/GaN quantum dot nanostructure.
The impact of the Rabi frequency of the driving field and relative phase between applied fields on temporal features of the dispersion and absorption are then discussed. Based our recent work [23] , we propose a four-level InGaN/GaN quantum dot nanostructure model by solving the Schrödinger and Poisson equations self-consistently.
Our proposed scheme is based on Ref. [48] , but our equations and results are drastically different from that work. First, we are interested in studying the dynamical properties of refractive index in a four-level InGaN/GaN quantum dot nanostructure. Second, we find that the relative phase of applied fields has essential roles to controlling of transient refractive property of quantum dot nanostructure. Third, the dynamical behaviour of enhancing in refractive index of quantum dot is accompanied by lasing without inversion in the medium. The dynamical response of the system is important due to its novel application in high speed optical switch that is consequential technique for quantum computing, quantum information network, and communication.
Model and equations
A four-level InGaN/GaN quantum dot nanostructure based Ref. [23] has been considered for studying the dynamical properties of refractive index and optical transient processes. The quantum dot dimension information for calculating the wave functions and eigenenergies are listed in Table I which results from Ref. [23] . It is emphasized that these properties result from solving the Schrödinger-Poisson equations selfconsistently for carrier in InGaN/GaN quantum dot's conduction band. The normalized wave functions with related eigenenergies are displayed in Fig. 1 . By consideration of these properties one can obtain the properties of laser fields for interacting by four-level quantum dot nanostructure. The configuration of InGaN/GaN quantum dot nanostructure is presented in inset of Fig. 1b . The transition |2 ↔ |4 can be mediated by using a strong coupling field E c and frequency ω c . A pumping field E 2 (frequency ω 2 , phase φ 2 ) and a weak probe light (frequency ω p , phase φ p ) are coupled transitions |3 ↔ |2 and |2 ↔ |1 , respectively. The field E d (frequency ω d , phase φ d ) is applied to the transition |4 ↔ |1 . The corresponding Rabi frequencies for the respective transitions are defined as:
The master equation of motion for the density operator in an arbitrary multilevel atomic system can be written as
The term L ρ represents the incoherent pumping and decay part in the system, where L is the Liouvillian operator acting on the density matrix ρ. Using the definitions of the density matrix and the expression for the Hamiltonian for the four-level atom, and after carrying out the rotating wave approximation, we get the following set of equations for the time evolution of the system:
(2) The above density matrix elements additionally obey the normalization and Hermitian condition
ρ ii = 1 and
With the initial conditions ρ 11 (0) = 1 and other ρ ij (0) = 0(ij = 1, 2, 3) the following discussions will be deployed based on the time-dependent numerical solutions of Eq. (2), where 41 are the detunings of the corresponding incident lights. Since the three driving fields form a closed-loop configuration, the phase can be inserted into any one of them, and it will not change the results of the calculation. In other words, if all the fields had been phase dependence, only the collection phase would be important and no individual phase-dependent term would occur. This collective phase can be easily determined to be Φ = φ 2 + φ d − φ c by repeating the coherence term calculation ρ 21 and noting that the Rabi frequencies are complex in general. Here φ i is the phase of the complex Rabi frequency Ω i of the driving fields, and ω 21 , ω 32 , ω 24 and ω 41 are the resonant frequencies which associated with the corresponding optical transitions. The total population and dephasing decay rates 2γ i (i = 1, 2, 3, 4) are added phenomenologically in the density matrix equations [28, 35, 49] , which are comprised of a population decay contribution as well as a dephasing contribution. The first contribution is mainly due to longitudinal-optical (LO) phonon emission events at low temperature and the dephasing contribution may originate from electron-electron scattering and electron-phonon scattering as well as inhomogeneous broadening due to scattering on interface roughness [28, 35, 49] . The set of Eqs. (2) can be solved numerically to obtain the transient response of the medium. It is well known that the absorption and dispersion are related to the susceptibility of the system. Therefore, the probe absorption-dispersion coefficient coupled to the transitions |2 ↔ |1 is proportional to the term ρ 21 . The imaginary parts Imρ 21 correspond to gainabsorption coefficient, while the real parts Reρ 21 relates to dispersion coefficient. If Imρ 21 > 0, the probe field will be absorbed; on the contrary, the probe field will be amplified. In the following section, we analyze the numerical results of Eqs. (2) for discussing the transient features of the absorption and the dispersion.
Results and discussion
It is known that the linear response of the system as well as absorption, refraction, and group velocity is governed by complex polarization ρ 21 . In fact, the medium responsibility to the applied fields is shown by the susceptibility χ, which can be defined as:
For further discussion the relevant quantity to consider is the group index, n g = c vg , where c is the speed of light in vacuum and the group velocity v g is given by
Equations (2), (3) and (4) are our basic results for the discussion of absorption, dispersion and group velocity of probe light. It is known that the group velocity of a probe light depends strongly on the slope of the dispersion. It is shown that the slope of dispersion will be changed from positive to negative by intensity of the cycling field and relative phase of applied fields. Moreover, we find that the enhanced refractive index in a region accompanied with probe amplification. Enhancing in the refractive index with amplification is favorable for us when the pulse passes through the medium. In the following, a few numerical results under some parametric conditions are presented when the refractive index enhanced. These numerical results are shown in Figs. 2-9 . The steady-state and transient behaviors of weak probe light absorption and dispersion in the absence and presence of cycling field are presented in Fig. 2 . It is realized that, in the absence of cycling field (Ω d = 0), the index of refraction with zero absorption cannot be obtained. In this case, the group index of weak probe field is equal to zero. However, due to presence of cycling field (solid line), the index of refraction with zero absorption is obtained. Therefore, the refractive index can be enhanced via adjusting the intensity of cycling field. Here, large refractive index with zero and negative absorption are located at points A 1 and B 1 . The temporal features of absorption and dispersion of weak probe light are displayed in Fig. 2c,d . It can be seen that for ∆ p = −5 (solid line), the transient absorption decreases rapidly and finally reaches a negative value. By changing the detuning ∆ p = +5 (dashed line), the absorption starts to increase as the time increases, and finally reaches to negative and positive absorption at the steady state, respectively. In the following, we show the effects of the relative phase between applied fields on steady-state and transient behaviors of inverted Y-type four-level InGaN/GaN quantum dot nanostructure. In the presence of cycling field, the closed-loop configuration makes this medium become phase dependent. Therefore, the relative phase Φ can affect the absorption properties of probe light which is shown in Fig. 3 . In Fig. 3a we present the steady-state absorption spectrum versus ∆ p for different values of phase Φ. It is clearly seen that the absorption spectrum is sensitive to the relative phase between applied fields. Transient behavior of the absorption for different values of phase Φ is shown in Fig. 3b . It can be seen that by increasing the relative phase the absorption changes from positive to the negative (dashed and dotted lines). In this case, probe absorption is vanished and converts to the probe gain (dotted line). This means that the transient behaviors of the probe field can be tuned by changing the relative phase of applied fields.
In Figs. 4 and 5, we show the time evolution of the population distribution in states |1 , |2 , |3 and |4 for the different values of the Rabi frequencies of the applied fields. It can be found that in first condition the probe absorption increases for a short time, then steeply descends and eventually reaches a positive constant. In this case, most of the population remains in level |1 . Therefore, the probe field experiences absorption, and population inversion does not appear.
The transient behaviors of absorption-dispersion for different values of cycling field is discussed in Fig. 6a and b. It is found that at t = 0, Ω d = 5 meV (solid line) and Ω d = 10 meV (dashed line) the probe absorption is zero, once the time increases the absorption oscillates and finally reaches to the steady-state values. We can conclude that by increasing the intensity of the cycling field, the absorption decreases. As for Ω d = 5 meV (solid line), the absorption oscillates and reaches to its positive value in steady-state condition. In this case the dispersion is negative, which corresponds to the superluminal light propagation. The dispersion properties of the probe field are very useful for its potential applications of controlling the group velocity of light from subluminal to superluminal. Our numerical calculation for the transient response shows that our system exhibits normal dispersion (or subluminal light) and exhibits anomalous dispersion (or superluminal light) by supplying the intensity of cycling field. The influence of relative phase on transient absorption and dispersion is displayed in Fig. 7 . It is observed that the probe absorption-dispersion is completely phase dependent. At t = 0, the absorption is zero, while by enhancing the time, absorption oscillates and finally reaches the steady-state value. The amount of probe absorption depends on the relative phase between the applied fields. The dispersion properties of the weak probe field is also phase dependent as shown in Fig. 7b . In addition, for Φ = π (dashed line) the steady state value of absorption coefficient is positive relating to probe absorption, while for Φ = π/2 (solid line) its value changes to negative that corresponds to a gain. In the next step, we present the dependence of the probe absorption-dispersion on the intensity of the cycling field under two-photon resonant condition.
In Fig. 8a , we find that the absorption coefficient on both sides of the spectrum increases when we increase the amplitude of the cycling field. Similar results are obtained for probe dispersion which is presented in Fig. 8b . At the end, we plot the absorption and dispersion properties of weak probe light versus relative phase of applied fields. It can be easily realized that the steady-state and transient behaviors of absorptive and refractive properties of weak probe light are dramatically sensitive to the cycling field and relative phase of applied fields. 
Conclusion
In summary, we have analyzed the effects of applied field on transient response of the absorptive, refractive and group index of weak probe field in an InGaN/GaN quantum dot nanostructure which were designed numerically by solving the Schrödinger and Poisson equations. We show that the intensity of cycling field and relative phase of applied fields can impact the transient and steady-state absorptive and refractive properties of a weak probe light dramatically. Also, we find that the intensity of cycling field and relative phase can be used to manipulation of enhanced refractive index with amplification at different detuning of probe light and transient and steady-state absorption and dispersion can be modulated by relative phase between applied fields. We hope that our proposed model may be useful for application in solid-state all-optical communication system by using a quantum dot nanostructure.
